It is well known that lung responses to inhaled particles, such as the number and composition of lung-free cells in the alveoli, depend upon not only the cytotoxicity of the particles but also the total amount of deposited particles [1, 3, 5, 6, 10, 111 . The amount of deposited particles in the lungs depends upon the mass concentration.
On the other hand , both regional and interlobar deposition of inhaled particles varies markedly with respect to parti cle size [7] [8] [9] . Therefore, it is important to keep the mass concentration and the distribu tion of particle size in the exposure chamber stable for studying the effects of respirable aerosols on health. Furthermore , automatic operation of the exposure system is required, especially for long-term inhalation studies .
Generally test aerosols are generated con tinuously or by on-off control with monitoring of the concentration in the exposure chamber .
They are diluted with filtered clean air in a mixing box and introduced into an exposure chamber.
The concentration of gaseous substances can be regulated constantly by using a mass flow controller, which is an automatic gas flow regulatory device independent of pressure and temperature. However, it is difficult to main tain a stable dust concentration since constant generation of dust aerosols cannot be easily achieved [2] . For this reason dust aerosols are usually generated by an on-off control system .
Hirano [4] reported that acid mist aerosols could be controlled at the desired concentration for up to 8 hours automatically . In his system mists were generated by a nebulizer at a con stant rate, mixed with filtered air in a mixing box, then introduced into an exposure cham ber. Mist concentraion in the exposure cham ber was controlled by exhaust air flow from the AND I. NISHIMURA mixing box through an ejector to outside the system by compressed air. A PID-controller combined with a mass flow controller was used to regulate the compressed air flow automati cally in his system. The PID-controller is an electronic regulatory device commonly used for thermal control such as in electric furnaces. This controller incorporates three control action modes. These are called proportional (P), integral (I) or reset, and derivative (D) or rate action. P-action gives an output proportional to the measured variables in the proportional band (percent to a set point stored in the controller). A narrow band causes hunchings ; on the other hand a wide band causes an offset which means a shift of the measured variables away from a set point. The purpose of the I -action is to eliminate the offset . This action A mass flow controller consists of a mass flow meter, a PI-controller and an electromag netic actuator. The mass flow meter measures the mass flow rate of gas which is independent of gas pressure and temperature. Measured variables are compared with a set flow rate and the deviation is fed to a P1-controller. This controller acts on an electromagnetic actuator by P-and I-action modes described in PIDcontroller's mechanism. Thus the mass flow controller can quickly adjust the gas flow rate to a set rate. Dust : Dust used in this study was coal fly ash for industrial testing No. 10 in JIS-Z 8901 (Association of Powder Process Industry and Engineering, Kyoto, Japan). This dust was air-classified to remove coarse particles larger than about 10 /1m. The particle density was (12) to the mixing box (13). Solid lines show the air flow . Air flow rate of filtered room air for dilution (A 9/min) into the mixing box (13) is dependent on that through the ejector (12, B 9/min) , since the air flow rate through the exposure chamber (14) is fixed at 150E/min by a motor valve (18) . about 2.0 to 2.3 g/cm3. Most of the particles were spherical (Fig.1 ). Exposure system : Fig. 2 shows the sche matics of the dynamic air-through exposure system set for animal inhalation study. The main parts of this exposure system are a dust generator, a dust storage chamber, a mixing box, an exposure chamber, and a dust control unit for automatic control. A dust generator (Model MF-2, Sibata Scientific Technology Ltd. , Tokyo, Japan) generated dust aerosols by on-off control using output signals from a Air flow through the exposure chamber was fixed at 150 /min by a motor valve set between the exposure chamber and the exhaust blower.
The flow of filtered room air into the mixing box was dependent on the flow of air containing dusts through the ejector, since in this system both aspirated and compressed carrier air flow into an ejector depends on the dust concentration in the exposure chamber.
The exposure chamber was fabricated of stainless steel with glass windows. It had a volume of 0.45 m3 (80 cm2, 70 cm in height) with a pyramidal top and bottom. Exhaust air was cleaned by passing through filters. Table  1 .
Automatic control method : In this control system dust concentration in the exposure chamber is determined by aspirated air flow containing dusts from the storage chamber. Aspirated air flow depends upon the compressed carrier air flow through an ejector connected to the storage chmaber. A PID-controller (Model EC 5,000, Ohkura Electric Co. Ltd., Tokyo) and a mass flow controller (Model MF 4001, Ohkura Electric Co.) with a capacity of 0 to 50 Vmin were used to regulate the compressed air flow automatically. Dust concentration in the exposure chamber was monitored continuously by another dust detec tor of the same type as that connected to the storage chamber.
The PID-controller proces sed signals from this detector, fed control outputs to the mass flow controller and regulat ed the rate of compressed carrier air flow to the ejector (see Fig. 2 Dust concentration in the exposure cham ber depends on both aspirated air flow from the storage chamber and the concentration of dust stored in the storage chamber.
As stated above, aspirated air flow is controlled by compressed air flow. For this reason. in the first experiment the relationship between the stabil ity of dust concentration in the exposure cham ber and the compressed air flow rate was examined. In this experiment the relative con centrations in the storage chamber were changed from 800 to 4,500 counts per minute (CPM, obtained with a dust detector) and that in the exposure chamber was set at 300 CPM.
In the second experiment the effect of this automatic control (AC) method for the reduc tion of hunchings following on-off control of the dust generator was determined by compar ing it with that of the constant air flow (CAF) method. In the CAF method the compressed carrier air flow to the ejector was kept at a constant flow rate under the optimal conditions obtained in the first experiment.
In the third experiment the build-up time to a set point after the beginning of exposure and the response to a sudden increase in dust concentration in the storage chamber, as a sham detachment of dusts adhering to the dustsupplying route, were investigated by the AC and CAF methods.
In these experiments the relative dust con centrations provided by the dust detectors con nected to the storage and exposure chambers were recorded with a strip-chart recorder. A function printer (Model FP-1. Sibata Scinetific Technology) collected output signals from the dust detector every minute for 20 minutes and the geometric standard deviation (GSD) was calculated as an index of stability of the dust concentration.
In the fourth experiment the size distribution of particles and the spatial dust distribution in the exposure chamber at 0.1 to 5.0 mg/m3 were measured by the AC method.
In the subsequent experiment dusts stored in the storage chamber at the relative concen tration of 2,300 CPM were introduced simulta neously into two exposure chambers by the AC method at a set point of 150 and 300 CPM using two control units. Changes in dust concentra tion and the number of size-classified particles for up to 20 continuous hours of operation were measured.
In the final animal study of inhalation of coal fly ash at 2 mg/m3 (set point ; 288 CPM) was conducted for 180 days (20 hours/day , 7 days/week) by the AC method. In this study mass concentration was measured once a week and the GSD of the output signals from a dust detector collected every 15 minutes for 20 hours was calculated every day.
The mass concentration of dusts in the exposure chamber was measured at 20 /min with a low-volume air sampler (Model L-20, Sibata Scientific Technology).
Size distribu tion (MMAD, ,um) and its GSD of dusts in the exposure chamber were measured at the given time with a cascade impactor (Model AN-200 , Dyrec Inc., Tokyo). Size-classified particles were counted with a light-scattering particle counter (Model KC-01, Rion Inc., Tokyo).
Results

Stability
of dust concentration in the exposure chamber : Table 2 shows the relation ships between the GSD as an index of stability of dust concentration in the exposure chamber and the compressed air flow rate in the first experiment when the relative concentrations in the storage chamber were changed. Table 2 . Relationship between the stability of dust concentration in the exposure chamber and compressed air flow rate when the set point was set at 300 CPM and the concentration in the storage chamber was changed * Counts per minute collected with a light-scattering detectors * * The capacity of the mass flow controller was 0 to 50 E/min. Air flow through the exposure chamber was fixed at 150 E/min. *** Geometric standard deviation of output signals from the dust detector as an index of stability of the capacity of the mass flow controller) and a relative concentration of 2,300 CPM in the storage chamber. and by the CAF method are shown in Fig. 3 . The AC method caused significantly fewer hunchings followed by those in the storage chamber compared with the CAF method. The average, maximum and minimum values of the GSD calculated from output signals from the dust detector by the AC method were smaller than those by the CAF method (Table 3) . Table 3 . Average, maximum, and minimum values of the geometric standard deviation of output signals collected with a dust detector every minute for 20 minutes by the constant air flow method (CAF) and by the automatic control method (AC)
3. Build-up time and response to sudden increase in dust concentration : Fig. 4 shows the build-up changes in dust concentration in the exposure chamber to a set point obtained by the CAF method (lower line) or by the AC method (upper line) at 100% of the output limit from the PID-controller to the mass flow controller (Superimposed on an identical chart for comparison).
The average build-up time (Ti) by the CAF method and the AC method were 743 and 170 seconds, respectively.
However, the AC method caused overshooing of dust concentra tion after reaching a set point and the recovery time (T2) was 791 sec onds. When the output limit was decreasd, Ti bacame longer. However, the degree of overshooting decreased and T2 bacame shorter. This experiment indicates that the output limit without overshooting was 70% and the average Ti was 557 seconds Table 4 . Summary of build-up time (seconds, T1) and recovery time (T2) by the constant air flow method (CAF) and by the automatic control method (AC) at 60 to 100% of the output limit from the PID-controller (Table 4) . Fig. 5 shows the changes in dust concentra tion in the exposure chamber when the dust concentration in the storage chamber was in creased artificially.
Dust concentration mea sured by the CAF method (left, Fig. 5 ) chan ged similarly to that in the storage chamber. On the other hand, the AC method (right) reduced the overshooting. However, the MMAD ran ged between 2.4 and 2.5 ,u m at any set point of dust concentration in the exposure chamber (Table 5 ).
Spatial dust distribution in the exposure chamber was homogeneous and its deviation was less than 2% of the mean concentration (data not presented). Fig. 7 . For 180 days of operation at the nominal dust concentration of 2 mg/m3, the AC method maintained a stable dust concentration in the exposure chamber throughout the experiment.
The mass concen tration measured once a week was 2.0 ± 0.14 mg/m3.
Discussion
Since it is difficult to generate dusts stably [21, dust aerosols are usually generated by an on-off control system. This control method causes hunchings. Sudden disturbances in con centration are liable to occur in dust inhalation studies since dust adhering to the dust-supply ing route would detach and disperse during the operation. A PID-controller can adjust control variables to a set point quickly, eliminate the offset, and respond to sudden changes by automatic P-, I-, and D-action, respectively. A mass flow controller can adjust the gas flow rate quickly and accurately. For these reasons, a new dust inhalation system including two feedback systems was developed by introducing both PID-and mass flow controllers in order to regulate the air flow from the storage chamber to the exposure chamber by using compressed carrier air in an ejector as exposure air.
As expected, with this AC method the build-up time to a set point was shorter than that with the CAF method ( Dusts stored in one storage chamber were introduced into two exposure chambers simultaneously by the AC method using two control units. Upper and lower lines were set at 300 and 150 CPM, respectively. As shown in Fig. 5 , this AC method re sponded to sudden disturbances quickly and could have less overshooting than the CAF method. Table 2 shows that in this system the most stable control was obtained at about 40% of the capacity of the mass flow controller. This result suggests that the relationships between dust concentrations in the storage and exposure chambers and the capacity of the mass flow controller should be considered before the inha lation system is set up in order to stabilize the dust concentration in the exposure chamber.
However, this Table 5 shows that the MMADs of dusts at the concentration of 0.1 to 5 mg/m3 were maintained between 2.4 and 2.5 p m . This result might be due to the effects of two cyclone separators set between the dust generator and the storage chamber in order to reduce the coarse dust particles. This system was also demonstrated to be applicable to dust inhala tion studies to investigate a dose-response rela tionship.
Since compressed carrier air flow in this AC method reaches the maximum just after the beginning of exposure by the P-action mode of the PID-controller, dusts adhering to the dustsupplying route would be liable to detach at this time. Therefore, these adhering dusts, espe cially those on the inner surface of the tube from an ejector to a mixing box, should be removed before initiation of the next exposure.
